Objectives: Recent work has identified different aspects of executive function that may underlie cognitive changes associated with age. The current study used a multifactorial design to investigate age sensitivity in the ability to shift between different task sets and the interaction of this ability with several specific aspects of executive control. Method: A large, well-characterized sample of younger (n = 40) and clinically healthy older (n = 51) adults completed a task switching paradigm in which 3 aspects of executive control were manipulated between subjects: a) sensorimotor demand (the number of distinct stimulus-response options); b) stimulus-level interference (i.e., flanker effects); and c) updating/monitoring (the frequency of task switches). Results: Unique age-related deficits were observed for different aspects of local task switching performance costs and updating/monitoring, but not for interference. Sensorimotor demand was also an important additional factor that interacted with task switching performance. Discussion: Our findings suggest that task switching, coupled with infrequent and unexpected transitions from one task set to another, in the context of high motoric demands, is particularly difficult for older adults.
With the dramatic rise in the elderly population comes the need to understand the mechanisms that contribute to agerelated changes to cognition. Described as "the most complex of behaviors, executive functions are intrinsic to the ability to respond in an adaptive manner to novel situations and are also the basis of many cognitive, emotional, and social skills" (Lezak, Howieson, & Loring, 2004, p. 68) . Task switching paradigms have long been used by cognitive psychologists and neuroscientists to assess and tease apart different aspects of executive function. The key finding is that response times and error rates increase when individuals must switch between completing two simple tasks as compared to when each task is completed alone (see Kiesel et al., 2010 , for a review). Older adults have particular difficulty on tasks that require executive control. Age-related performance deficits have been observed in situations that require the coordination of more than one task at a time (e.g., Hartley, 1992; Hartley & Little, 1999; Kramer, Larish, & Strayer, 1995; Salthouse & Miles, 2002) or the manipulation of stored information in working memory (e.g., Bopp & Verhaeghen, 2005; Kane & Engle, 2002; Myerson, Emery, White, & Hale, 2003) . It is not surprising thus that older adults are affected in task switching situations (e.g., Kramer, Hahn, & Gopher, 1999; Kray & Lindenberger, 2000; Mayr, 2001; Verhaeghen & Cerella, 2002) . Because they are flexible to context and component manipulations and have high ecological validity (the execution of most activities of daily life requires the ability to switch between different tasks), task switching paradigms represent a powerful tool for examining changes to executive control processes due to senescence.
In the current study, the basic paradigm consisted of two simple choice tasks: a letter category task in which participants decided if letter stimuli were consonants or vowels, and number category task in which participants decided if number stimuli were odd or even. Stimuli were presented to participants in either single task blocks (where participants only completed the letter or the number task) or dual task blocks (where the two tasks were intermixed). Univalent stimuli (those with features that are relevant to only one task), rather than bivalent stimuli (those with features that are relevant to more than one task), were used. Within the context of this task switching paradigm, three specific executive control functions were manipulated.
The first executive control demand that was manipulated was sensorimotor control, operationalized as stimulus-response mapping complexity. In this manipulation, we varied the number of distinct pairings of responseselections to motor-execution mappings, while maintaining the same number of conceptual responses. That is, across the two tasks, there were always four possible conceptual responses (vowel, consonant, odd, and even) . However, in the two-response condition, participants used one finger to indicate vowels in the letter classification task and even numbers in the number classification task, and a second finger to indicate consonants and odd numbers. In the fourresponse condition, each response was tied to an individual finger. Thus, in this condition, each response was unique, and there was only one response for each finger.
In both the two-and four-response conditions, participants had to decide whether each stimulus was a letter or a number in order to determine which task they needed to perform. Once a participant had determined the task, however, they still had to map their decision as to whether the letter is a vowel or consonant, or whether the number is even or odd, to a motoric response. In the two-response condition, there were two alternative choices, whereas in the four-response condition, participants were faced with four possible responses. A bounty of research exploring the choice reaction-time paradigm has shown that as the number stimulus-response alternatives increase, so too do the decision latencies, in a logarithmic manner (Hick, 1952; Hyman, 1953; Smith, 1968) . Increasing the set size of the number of response options, much like increasing the set size of items to be remembered in a typical Sternberg memory task (Sternberg, 1966) , should therefore increase executive control demands. Longer reaction times were thus expected in the four-versus the two-response condition.
In addition, according to Reeve and Proctor (1988) , response competition can result from responses from two fingers of the same hand. Due to the design of the current study, this form of competition could arise in the four-response condition and not in the two-response condition. In addition, Smid and colleagues suggested that choice reaction time involving responses between two hands would result in increased reaction time (Smid, Fiedler, & Heinze, 2000) . Movement between hands occurs in both conditions; however, in the four-response condition, this movement only occurred on a task switch. In the two-response condition, movement across hands was balanced between task repetition and task switch trials. We posited that the four-response condition would cause greater disruption due to the combined effects of a larger number of responseselection to response-execution mappings, response competition of same-hand fingers, and movement across hands at switch trials. This disruption was expected to be greater in older adults.
The second executive function manipulation of the current study targeted input interference and was operationalized as stimulus-level interference due to irrelevant, but distracting flankers that surrounded the target letter or number stimulus. The effects of stimulus level interference on older adults' performance have been explained by some as a process-specific deficit in older adults (Dennis & Cabeza, 2008; Zacks, Hasher, & Li, 2000) , whereas others have argued that observed age differences are accounted for by general processing speed differences (Salthouse, 2010; Verhaeghen, 2011) . For example, in the standard flanker effect, responses to a central target are slowed if flanking stimuli are incongruent with the correct response (Eriksen & Eriksen, 1974) . A process-specific account proposes that the additional interference from flanking stimuli disrupts performance to a greater extent in older adults compared to younger adults, potentially due to impaired inhibitory control over the irrelevant, interfering information. In a young adult sample, Hubner, Dreisbach, Haider, and Kluwe (2003) tested for the effect of flankers on a current switch trial when the current flanker was the target stimulus on the preceding task compared to two control conditions (no flanker or flanker from a task that was not present on the trial immediately prior). General flanker interference effects were found such that any form of flanker increased reaction time relative to no flanker. It was also observed that reaction time was longer for trials in which the current flanker was the target stimulus on the preceding task. The key manipulation in the study by Hubner and colleagues (2003) was to test for backward inhibition (as described by Mayr & Keele, 2000) on those same trials but after a cue that the task would switch to a specified different task set. In these cases, they found reduced reaction times relative to control trials when the current flanker was the target stimulus on the preceding task and when the participant was given the task cue in advance. Thus, Hubner and colleagues found supporting evidence for backward inhibition effects, specifically when the participant was able to prepare in advance. In contrast, a domain-general processing speed account argues that the relative increase in difficulty due to interfering stimuli is the same in young and old after accounting for the effects of differences in speed of processing. Thus, domain-general accounts state there is no differential effect by age and thus no unique age-related deficit in inhibitory control. Regardless of the mechanism at work, older adults have been shown to be more susceptible to interference than their younger counterparts (Zacks et al., 2000 ; see also Dennis & Cabeza, 2008 for supporting neuroimaging evidence). To test the effect of an age-related deficit in the inhibition of interference on task performance, we incorporated stimuli from Eriksen and Eriksen's (1974) flanker paradigm in a manner similar to the design of Hubner and colleagues (2003) . We focused on the main finding of increased interference effects of flanking stimuli in general, and on directly preceding trials for uncued switches. We examined flanker effects on task repeat and task switch trials in two ways. First, we investigated differences in performance on target items when they were flanked by stimuli from the same task. For example, if the central stimulus was a letter and participants were to make a vowel consonant decision about it, the flanking stimuli were also letters. In this case, the flanking stimuli could be either congruent to the correct target response (e.g., EAE) or incongruent to it (e.g., CAC). Second, we investigated differences in task switching performance when the flanking stimuli were from a different task than the target stimuli, and thus less relevant to the target (e.g., 2A2). If switching performance is affected by proactive interference from previous task sets, then interference from flanking stimuli should affect switch trials relative to repetition trials if they are affecting a similar cognitive mechanism that resolves the interference from both sources.
The third executive control demand that we manipulated was updating/monitoring, operationalized as the frequency of switch versus repeat trials in dual task blocks. Switch frequency has been shown to influence performance costs in young adults, such that a higher switch frequency leads to lower performance costs (Mayr, Diedrichsen, Ivry, & Keele, 2006; Monsell & Mizon, 2006) . The boost to performance that arises as switch frequency increases has been explained in terms of task-level adaptation. On each trial, an individual must decide if they will maintain or abandon the current task set, which constitutes the sensory mode and content of the information presented, a decision that is to be made about the information, a response to the information, and the execution of the responses in service of intentions and goal-directed behavior (Gopher, 2006) . Mayr and colleagues (2006) hypothesized that high switch frequencies could lead an individual to prepare for a task switch after each trial (or more trials). In such a case, there would be an advantage for switch trials (i.e., lower switch costs) but also a disadvantage on repeat trials. Supporting this account, Philipp and Koch (2006) found that task-set inhibition was larger under high switch probability conditions compared to low switch probability conditions. In terms of age-related effects, Kray, Li, and Lindenberger (2002) did not find any interactions across switch percentages of 75, 50, and 37.5 with other experimental variables, including age. We hypothesized that a wider comparison of 10% versus 50% switch frequency may reveal a difference in switch cost. Braver and colleagues (2001) suggest that older adults are more reactive in their use of cognitive control and show less proactive control than younger adults. In accord with this position, older adults were expected show less tasklevel adaptation in response to the different switch frequencies and show greater switch costs.
The relative impact of these three executive control demands was assessed via two measures of local task switching performance costs: switch costs, or the increase in latency and decrease in accuracy when there is a task switch in a dual task block (e.g., AABAB) compared to a repetition trial within a dual task block (e.g., AABAB), and mixing costs, defined as the accuracy and reaction time performance costs associated with repetition trials in dual (e.g., AABAB), versus single task blocks (e.g., AAAA). Agerelated differences in task switching have been shown to be greater for mixing costs than for switch costs (Kray & Lindenberger, 2000; Meiran, Gotler, & Perlman, 2001 ). There is converging evidence that the underlying cognitive mechanism responsible for age differences in switch costs is simply slowed processing speed, while the age differences in mixing costs may be due to an age-related deficit in the executive control processes responsible for memory maintenance and manipulation of task sets (Kray & Lindenberger, 2000; Wasylyshyn, Verhaeghen, & Sliwinski, 2011 ). In the current study, we sought to examine how different executive control manipulations affected these two types of task switching performance costs.
In summary, we hypothesized that (a) the four-response condition would cause greater disruption than the tworesponse condition, and this disruption was expected to be greater in older adults; (b) flanking stimuli would add additional interference and disrupt performance on switch trials across age groups; (c) older adults would show less task-level adaptation in response to the different switch frequencies; and finally (d) older adults would show greater performance costs relative to younger adults, with mixing cost in particular being deleteriously affected.
Method
Participants Ninety-one individuals, 40 younger adults and 51 older adults, participated in the study. Participants were all native English speakers with no history of major medical disease (i.e., cancer, cardiac disease, or stroke), psychiatric illness, traumatic brain injury, or concussion with loss of consciousness. All participants were administered the Dementia Rating Scale (DRS; Mattis, 1988) , a test of verbal learning (Buschke Selective Reminding Test [SRT] ; Buschke, 1973) , and the Trail Making Test (TMT; Lezak et al., 2004) . As can be seen in Table 1 , which presents age, gender, education, and neuropsychological measures by group, younger and older adults attained equivalent levels of education and did not differ on a test designed to screen for dementia (i.e., DRS). Older adults learned and recalled fewer items on a measure of verbal learning (SRT) and were slower to complete a test of speeded visualmotor sequencing (TMT-A) and sequencing plus switching (TMT-B) compared to the younger adults (all ps < .001). Aside from expected main effects of Age (described above), neuropsychological test performance was equivalent across experimental conditions (all ps > .05). Written informed consent was obtained from all participants before participation in the research. All experimental procedures were approved by the Institutional Review Board of Columbia University Medical Center and complied with these regulations.
Procedure
The experiment was conducted in one 2-hr session. At the beginning of each session, participants were administered the DRS and the SRT. These were followed by the experimental task switching paradigm, in which participants performed two types of tasks. The first was the letter classification task, in which participants decided if white letters, which were serially displayed on a blue background, were consonants or vowels. The second task was the number classification task. In this task, participants decided if white numbers, which were serially displayed on a green background, were even or odd. All stimuli were chosen from the set: {O, A, E, U, W, P, J, K, 2, 4, 6, 8, 1, 3, 7, 9}. The two tasks were presented on a Toshiba laptop computer with a 15-inch monitor and a screen resolution of 1,280 × 800 pixels. Each experimental session was divided into 20 blocks of 40 trials each. Each block began with a set of instructions for the upcoming task that remained on the screen until the participant clicked to continue. Each trial in the block began with the presentation of an asterisk in the center of the screen for 200 ms, followed by a 100-ms delay and the presentation of the target stimulus. In all blocks, on 60% of trials, the target stimulus was flanked on either side by either numbers or letters. Each character subtended a visual angle of 0.71° horizontally and vertically. Fifty percent of the flanker trials included flanking stimuli from the same task (e.g., a letter on either side of the letter target), with half of these same task flankers being congruent to the cued task (either vowels when the target was a vowel, e.g., "AEA," or a consonant when the target was a consonant, e.g., "PKP") and the other half being incongruent (e.g., "PEP"). The other 50% of the flanker trials included flanking stimuli from the other task (e.g., numbers flanking a target letter, e.g., "2A2," or letters flanking a target number "A2A"). In all cases, the instruction was to respond to the middle character and ignore the irrelevant characters. A schematic of the trial sequence is presented in Figure 1 , which shows these different types of flankers in a single task block (Panel A) and a dual task block (Panel B).
The first two blocks of the experiment were single task blocks in which the letter classification task was performed alone (80 trials). The third and fourth blocks of the experiment were single task blocks in which participants completed the number classification task alone. The next block was a dual task block (40 trials), in which targets could be letters or numbers. The dual task block was followed by two single task blocks (40 trials of the letter task, then 40 trials of the number task), and then another dual task block. This block sequence was repeated 5 times, for a total of 20 blocks (800 trials) including the four initial single task blocks at the beginning of the experiment. In all trials, the target stimulus remained on the screen until a response was made. Participants were told to respond to each stimulus as quickly and as accurately as they could. The experiment was self-paced, with a response initiating the next trial. After the participant completed the block of 40 trials, feedback about number of errors was presented and a new block sequence was initiated. Participants were pseudorandomly assigned by age to one of four experimental conditions, based on two between-subjects design factors. The first factor was Switch Frequency, which is the proportion of task switch trials to task repeat trials within dual task blocks. Table 2 presents sample sizes by age group in the 10% and 50% switch frequency groups. The manner in which responses were made represents the second between-subjects manipulation (Response Number), illustrated in Figure 2 (sample sizes in Table 2 ). In the two-response condition, participants were told to press the "F" key with their left index finger for stimuli that were either vowels or even, and to press the "J" key with their right index finger for either consonants or an odd numbers. In the four-response condition, both the index and middle finger of each hand were used. If the stimulus was a letter, the response was made with the left hand: For vowels the participant pressed the "F" key (with the index finger) and for consonants the participant pressed the "D" key (with the middle finger). If the stimulus was a digit, the response was made with the right hand: For odd numbers the participant pressed the "J" key (with the index finger) and for even numbers the participant pressed the "K" key (with the middle finger).
Data Analysis
To simplify the reporting of age-related interactions with executive demand conditions and mitigate any effects that could be driven by larger scale age-related differences in response times, z-transformed Reaction Time (zRT) were used for analyses. Z-transformations, rather than log-transformations, were carried out so that any effect remaining above and beyond any effects that could be driven by the larger scale group differences in RT could be more readily interpreted (see Faust, Balota, Spieler, & Ferraro, 1999) . zRT scores were based upon each participant's overall mean RT for correct trials. In addition, trials with an RT ≥ 3 SDs above the mean for each participant across conditions were removed. Accuracy (percent correct) was also analyzed.
Repeated measures analyses of variance were conducted using SPSS (version 19). Between-subjects factors included Age (young vs old), Switch Frequency (10% vs 50%), and Response Number (2 vs 4). Within-subjects performance factors included Trial Type; either repetition trials within dual task blocks versus switch trials within dual task blocks to assay switch costs, or repetition trials in single task blocks versus repetition trials in dual task blocks to assay mixing costs. zRT and error rate means for younger and older participants in each of the three executive demand conditions are shown in Table 3 . Due to the fact that error rates in some executive demand conditions were high, and that there were few total switch trials in the 10% switch frequency condition, the effect of flankers was examined collapsing across the between-subjects factors of Response Number and Switch Frequency. For the analyses that examined the between-subjects factors of Response Number and Switch Frequency, the results reported collapsed across levels of the flanker condition were confirmed in the subset of trials that did not include flankers.
Results
The first model we created examined age-related effects of executive control demands on switch costs, operationalized as the difference between performance on switch Note: There were no significant effects among the neuropsychological variables and between-subject conditions of Response Number, Switch Frequency, Response Number × Age, or Switch Frequency × Age. Figure 2 . Schematic of sensorimotor response mapping. Two or four responses were mapped to either the index finger of each hand (tworesponse condition; top) or the index and middle finger of each hand (four-response condition; bottom). In the two-response condition, the "F" key was pressed for consonants or odd numbers, whereas the "J" key was pressed for vowels or even numbers. In the four-response condition, "D" = consonants; "F" = vowels; "J" = odd numbers; and "K" = even numbers.
trials and repeat trials within the dual task block, using zRTs. As can be seen in Figure 3, Figure 3 , this differential agerelated effect on switch costs was observed under conditions of high sensorimotor demand (four vs two responses) and less frequent switching (10% vs 50%).
The results of the same analysis using Accuracy were consistent with the zRT data. We found a four-way interaction of Age × Trial Type × Response Number × Switch Frequency, F(1, 83) = 6.91, p = .010, η p 2 = .08, such that the most errors (15.79%) were committed by older adults on dual task switch trials with four responses in the 10% switch frequency condition.
We next investigated age and executive demand impacts on mixing costs, first with zRTs. Trial Type in this analysis consisted of repeat trials within single versus dual task blocks. As can be seen in Figure 3 , responses were slower for repetition trials in dual task blocks (gray bars) relative to single task blocks (white bars), F(1, 83) = 139.32, p < .001, η p 2 = .63. Older adults were also slower to respond than younger adults, F(1, 83) = 18.52, p < .001, η p 2 = .18. There were no main effects of Response Number, F(1, 83) < 1 or Switch Frequency, F(1, 83) = 1.54, p > .2.
We found several significant interactions. The first was a two-way interaction between Age and Trial Type, F(1, 83) = 12.56, p = .001, η p 2 = .12, which stemmed from older adults responding more slowly than younger adults on repetition trials in dual task blocks, t(89) = −3.07, p = .003, 95% CI (−0.19, −0.04) compared to single task blocks, t(89) < 1, ns. We also found significant interactions between Trial Type and (a) Response Number, F(1, 83) = 18.05, p < .001, η p 2 = .18, and (b) Switching Independent post hoc t tests for the two-response condition revealed nonsignificant differences between older and younger adults on both single task repeat trials, t(44) < −1, and dual task repeat trials t(44) < −1. For the four-response condition, however, whereas the difference between older and younger adults was not significant for single task (repetition) trials, t(43) = 1.39, p = .169, there was a significant difference between age groups for the dual task repeat trials, t(43) = −4.02, p < .001, 95% CI (−0.31, −0.10), such that older adults had longer latencies. In other words, the older adults showed increased latencies on repetition trials in dual task blocks in the four-response condition, but not in the two-response condition. The four-way interaction between Trial Type, Age, Response Number, and Switch Frequency was not significant, F(1, 83) = 2.73, p = .103. For mixing cost accuracy, we found a trend for a twoway interaction of Age × Trial Type, F(1, 83) = 3.75, p = .056, η p 2 = .04, such that more errors were made by older adults in dual task blocks than in single task blocks, and a significant two-way interaction between Trial Type and Response Number, F(1, 83) = 5.58, p = .020, η p 2 = .06. The three-way interaction of Age × Trial Type × Response Number that we found for zRT was also observed for accuracy, F(1, 83) = 7.88, p = .006, η p 2 = .09, such that more errors were made by older adults in the four-response condition on repetition trials within dual task blocks.
Finally, we examined the effect of interference on performance, operationalized as the effect of flankers. The standard flanker effect was examined in the within-task-set analysis (i.e., flanking stimuli of the same type as the target stimulus and either congruent vs incongruent to target response). Interference across task sets (i.e., flanking stimuli of the other task set on current target response) was also examined. The standard flanker effect of slower responding on incongruent versus congruent trials was confirmed in repetition trials both within single task blocks, F(1, 89) = 13.30, p < .001, η p 2 = .13, and dual task blocks, F(1, 89) = 5.07, p < .05, η p 2 = .05. There was no effect of flanker on switch trials, F(1, 89) = 2.10, and there were no Flanker × Age interactions across repetition or switch trials for single or dual task blocks (all Fs < 1). The accuracy data were consistent with the zRT findings and showed no differential disruption of performance costs due to flanker interference among older adults. We also performed an across-taskset analysis, comparing trials in which there were different flankers to trials in which no flanker was present. We found no significant interactions with Age, in either zRT or accuracy (all Fs < 1). We did, however, find a main effect of the type of flanker trial (different flanker vs no flanker) on repeat trials in dual task blocks, F(1, 89) = 13.94, p < .001, η p 2 = .14.
Discussion
In the current study, we examined the age sensitivity of several separable aspects of executive control, including the number of distinct stimuli-response options (sensorimotor demand); stimulus-level interference (flanker effects); and the frequency of task switches (updating/monitoring). To our surprise, we found no unique age-related differences in stimulus level interference in the form of flankers. Agerelated differences were found, however, in switch costs in the context of high monitoring/updating (lower-10%-switch frequency), as well as in the context of high monitoring/updating demands and increased sensorimotor demand (four vs two responses). In contrast, mixing costs were age sensitive to monitoring/updating even in the absence of increased sensorimotor demand. Although sensorimotor demand did not account for all observed age effects, the interaction of the mental processing demands of monitoring/updating in the context of high sensorimotor demand yielded a pronounced difficulty for older adults (see Figure 3 ). This study reinforces the robust effect of aging on general executive control processes that are clearly distinguishable in age-related performance differences between dual task blocks that include task switches and single task blocks that do not.
A novel contribution of this study was the identification of an age-related disruption in performance in switch costs under the conditions of low switch frequency (10% switching) and high response number (four responses) in both zRT data, as well as for accuracy, with greater latencies and errors for older adults in high response and updating/monitoring conditions. Although these results stemmed from a four-way interaction, given that the RT data were cleaned for outliers, it is unlikely that the results were biased in this way. Consistent with past studies that have reported age invariance in switch costs after accounting for differences in processing speed, there was no two-way interaction between Age and Trial Type for switch costs. In addition, we examined the updating and monitoring demands of high and low switch frequency. We observed that switch costs, often not observed to reveal unique age-related effects, were differentially greater in older adults in the low switch frequency condition. This finding supports our hypothesis that infrequent switching may result in greater switch costs in older adults compared to younger adults due to the increased monitoring and preparation demands. An earlier study did not find age-related effects across switch frequencies of 75%, 50%, and 37.5% (Kray et al., 2002) . The effect we observed was at a lower switch percentage (10%) and only emerged in the context of high sensorimotor demand.
Our findings also converge with result from a recent meta-analysis of aging and task switching studies which showed differential age effects for mixing costs (Wasylyshyn et al., 2011) . We found in addition that mixing costs interacted with executive control demands in specific ways. We examined the hypothesis that responseexecution complexity contributes to differential age effects in mixing costs (Hartley, 2001) . We found that four responses (with a larger number of response-execution mappings) were differentially disruptive to older adults compared to two responses (with high motor program overlap and fewer mappings) collapsing across Switch Frequency. Although both conditions required switching between hands, switches only occurred at times of a task switch in the four-response condition and so this additional step at a crucial processing stage is an important factor. The interaction of mental processing demands required to maintain and manage multiple task sets and the sensorimotor demands of response mapping combined with the motor execution placed at a crucial processing stage may account for the synergistic disruption to performance among older adults in this multitasking context. Interestingly, the age-related effects of increased sensorimotor demand collapsing across the frequency of task switch was not significant for the analogous analysis of switch costs, and instead only emerged in the context of switch costs when updating/monitoring processes were taken into account, suggesting differential impacts of the executive control manipulations on switch versus mixing costs.
We also tested the hypothesis that stimulus-level interference in the form of flankers would disrupt performance in older adults to a greater degree, based on the hypothesis that older adults are relatively more susceptible to this form of interference (Zacks et al., 2000) . We hypothesized an alternative account that the effects of flanking interference are not differentially disruptive to older adults and if any group differences are observed, those can be accounted for by general differences in processing speed. As we hypothesized, interference effects that were observed in young and older adults were comparable after adjusting for age-related declines in speed of processing. This finding supports reports of age invariance across tasks of selective attention broadly (Verhaeghen, 2011) and flanker-based interference specifically (Lien, Ruthruff, & Kuhns, 2008; Salthouse, 2010 ). An important limitation of this study was that we were not able to examine the interactive effects of flanker interference under the control demands of switch frequency or response number due to the high error rate by condition. Despite this limitation, there is evidence to support the age-invariant findings observed in this study (see also Salthouse, 2010) . Further, the absence of an age effect on flankers, coupled with the findings of age-related effects on switching frequency especially in the context of elevated sensorimotor demands, may be related to the proposed distinction between top-down and bottom-up attention and executive control (Buschman & Miller, 2007; Miller & Buschman, 2014) . Bottom-up are salient and alerting cues of the environment that capture attention and demand control. Mayr's (2001) retroactive inhibition may be one example. Task switching and adopting a task set are active top-down executive control processes. In our study, flanker influences are clearly bottom-up initiated, whereas the ability to switch between the different tasks (Switch Frequency) and map responses to specific motoric outputs (Response Number) are clearly top-down and active executive control of intentions. Thus, age-related differences in bottom-up versus top-down control processes, from our data, appear to be affected differentially.
Overall, age and executive control-specific impairments in mixing and switch costs were observed in both zRT data and accuracy data. Our study suggests that age-sensitive switch costs were particularity affected in the context of additive, high general executive control demands; specifically, when task switches occurred less frequently and when there were a greater number response mappings. These two executive demands, in combination, appear to pose a particular challenge for older adults. Age effects were observed for mixing costs overall and in interaction with greater sensorimotor demand. Evidence for larger decrements in performance in older adults due to increased load on working memory is also reported in previous studies of task switching (Gopher, Armony, & Greenshpan, 2000; Meiran et al., 2001 ) and multitasking (Craik & Bialystok, 2006) . Similar to these studies, we also observed that selective increases in memory load on single items resulted in larger age differences in local switch costs.
Taken together, the most important outcome of the present study is that decrements with age are evident for executive control manipulations that impose high demands on working memory, with maintenance over longer durations, across a large number of trials. Age differences for local and discrete executive operations are smaller and harder to observe, but emerge when additional control demands (such as working memory load) are incorporated into the task.
The practical implication of performance disruption in the face of combined and heightened executive control requirements is apparent in the potential hazards associated with the increasing multitask demands placed on younger and older adults as we incorporate technologies such as cell phones, navigation systems, and personal portable technologies into our everyday lives. A recent study by Neider and colleagues (2011) used a virtual reality environment and demonstrated that technology use (talking on a cell phone) was particularly disruptive for older adults, even during a relatively routine activity like crossing the street. Likewise, our results suggest that particular combinations of cognitive and motor control demands present a significant burden to older adults. Although some of these effects can be attributed to a domain-general slowing of cognitive processing or to motor response interference, we found strong support for age-sensitive deficits in executive control processes such as the maintenance, manipulation, and monitoring of task sets.
Funding

